Introduction
Synthetic organophosphorus compounds are widely used as pesticides and insecticides in the agricultural industry all over the world. 1 These neurotoxic compounds can irreversibly inhibit the activity of cholinesterase, essential for the function of the central nervous system of humans and insects, resulting in the accumulation of the neurotransmitter acetylchoine (ACh) which interferes with muscular responses, and causes respiratory and myocardial malfunctions, and even death. 2, 3 Organophosphorus pesticides (OPs) remaining in vegetables and fruits will influence the quality of agricultural products, and thus harm the health of consumers. At present, OPs have become a major source of poisoning accidents caused by pesticides in the world. In order to protect human health, it is necessary to develop sensitive and rapid analytical techniques to detect the pesticide residues in vegetables and fruits. Conventional methods for OPs determination are gas chromatography (GC), high performance liquid chromatography (HPLC) and thin layer chromatography (TLC) coupled with different detectors and spectral techniques. 4, 5 However, these techniques are time-consuming and costly, and have to be operated by well-trained technicians, which limit the actual demand for detection of OPs in agricultural products.
As highly sensitive and highly selective tools, biosensors can be used as disposable sensors in environmental monitoring and can avoid the shortcomings of the conventional methods for OPs determination. 6 So far, some OPs biosensors have been reported, including those based on acetylcholinesterase (AChE) inhibition tests using AChE-modified amperometric and potentiometric transducers, [7] [8] [9] [10] those based on hydrolytic tests with organophosphorus hydrolase (OPH) using OPH-modified amperometric and potentiometric transducers, [11] [12] [13] [14] [15] those based on hydrolytic tests with alkaline phosphatase (ALP) using ALPmodified fluorescent transducer, 16 those based on oxidation current measurements using recombinant microorganisms with surface expressed OPH, 17, 18 and those based on the changes in resonant frequency of a quartz crystal microbalance (QCM) owing to the mass loading using QCM-enzyme sensor. 19 However, these biosensors have some disadvantages, including complicated preparations, unsteady response, poor reproducibility, and low sensitivity. To the best of our knowledge, up to now, no study has been conducted on the antidisturbance ability of biosensors to the heavy metals. So it is of great significance to develop simple, stable, reproducible, sensitive and antidisturbance OPs biosensors.
Methylcellulose (MC) has open long chains and a loose network structure; these structural details are beneficial for the penetration and adsorption of macromolecular substances. In the molecular structure of MC, there are some hydrophobic zones of highly substituting degree and some hydrophilic zones of lowly substituting degree. Based on these properties, MC can form transparent, compact and soft thin-films, 20 and can be used in a wide pH range (3.0 -11.0). In this work, we constructed a potentiometric enzymatic membrane biosensor using MC as an immobilization reagent to immobilize AChE on pH electrodes, . In addition, the measurement results obtained by the biosensor method were in good agreement with those obtained by the gas chromatography method. This method was successfully applied to detect OPs that remained in the potted lettuce. and we studied the response characteristics of the biosensor in detail. Moreover, this biosensor was successfully applied to detect the OP amounts in potted lettuce.
Detection of Organophosphorus Pesticides

Experimental
Reagents
Acetylcholinesterase (EC 3.1.1.7, activity 500 units per milligram solid) and 2-pyridine aldoxime (2-PAM) were purchased from Sigma (St. Louis, USA). All standard solutions of OPs (100 mg/mL) including methamidophos, phorate, parathion, chlorpyrifos and dimethoate were purchased from the Institute of Scientific Research Monitoring in Environmental Protection, Ministry of Agriculture, P. R. China.
Phosphate buffer solution (PBS, 0.1 mol/L, pH 6.86) was prepared by dissolving 3.39 g of KH2PO4 and 5.37 g of Na2HPO4·12H2O in 1000 mL of ultrapure water (18.3 MW cm, Millipore). PBS was used to prepare all OPs standard solutions.
All reagents used were of analytical grade, except bovine serum album (BSA, biochemical reagent), acetylcholine chloride (ACh) and glycine (chemical purity).
Preparation of enzymatic membrane biosensor
Acetylcholinesterase solution was added into BSA solution and mixed thoroughly, and then N,N-dimethylformamide (DMF) was added to accelerate gelation. MC was added and stirred quickly to mix thoroughly before bubbles appeared. The mixed solution was taken out by microsyringe and coated uniformly on the sensitive glass membrane of a pH electrode; after drying 8 h at room temperature the electrode was rinsed with ultrapure water, soaked into 1% glycine solution for 30 min, and rinsed again with ultrapure water. Finally, the electrode was soaked into PBS for over 12 h to activate, and thus one hydration gelation layer was formed on the surface of the electrode.
Instrument and operational conditions
A CP-3800 gas chromatograph (GC, Varian, USA) with a flame photometric detector (FPD) was used to determine OPs to compare with the results obtained by the biosensors. Highpurity N2 was used as the carrier gas at the flow rate of 1.5 mL/min. The GC separation was performed by injecting 1 mL of sample solution and using a capillary column (15 m ¥ 0.32 mm, i.d. 0.25 mm). The flow rates of air and H2 were 17 and 13 mL/min, respectively. The sample injector and detector temperatures were 250 and 310˚C, respectively. The initial column temperature was 80˚C and kept for 5 min, and then increased to 200˚C by 20˚C/min and kept for 5 min. The concentrations of OPs could be calculated from the peak areas using the calibration equations obtained for the standard solutions of OPs.
Procedures
The measurement setup was constructed by connecting one digital ion meter (Model PXT-1B, Jiangsu, China) with one enzyme-modified pH electrode (Model 88-1, Jiangsu, China) and one detection cell, so the potential signal could be read through the digital display of the ion meter.
The prepared biosensor was immersed into ACh solution, and the initial potential was recorded as E0. When the time reached t1, the potential of enzymatic reaction was recorded as E1. So the potential response value of the enzymatic reaction could be calculated as DE (DE = E1 -E0) during this period of time. Then the biosensor was rinsed with PBS so that the potential returned to E0. For the detection of OPs, the biosensor was first immersed into OPs solution for several minutes, and then immersed into ACh solution, and the potential was measured as E2 at t1. Thus, the potential response value of the enzymatic reaction could be calculated as DE¢ (DE¢ = E2 -E0) owing to enzyme inhibition during this period of time. So the inhibition rate (k) of OPs can be expressed as
The biosensor with partly devitalized enzyme was immersed into 1.0 ¥ 10 -4 mol/L of 2-PAM solution for a certain time in order to regenerate it.
The prepared biosensor was immersed into an OP solution for several minutes, and then immersed into ACh solution in the presence of different concentrations (10 -9 -10 -4 mol/L) of heavy metal ion solutions (i.e., Cu 2+ , Cd 2+ , and Pb 2+ ), and the potential was measured as E2¢ at t1. Thus, the potential response value of the enzymatic reaction could be calculated as DE≤ (DE≤ = E2¢ -E0) owing to the disturbance of heavy metal ions to enzyme inhibition during this period of time. The influence rate (m) of the heavy metal ions can be expressed as
Results and Discussion
Immobilization of AChE with MC
Methylcellulose is a membrane-forming agent. In a cellulose molecule, three alcoholic groups in a glucoside can substitute and polymerize with an amino-group of an amino acid. 20 When AChE is added into MC solution, the hydrogel can be formed owing to the hydrophilic and hydrophobic interactions among MC molecules, which are coated on the sensitive glass membrane of pH electrode; thus the stable modified electrode can be prepared. During the preparation of the biosensor, it is necessary to add DMF as plasticizer to accelerate gelation and form compact and stable membranes. In this study, we examined the effect of some immobilization conditions on potential response. The results showed that the optimal immobilization conditions of AChE could be obtained when the concentration and the amount of MC were 0.2% and 15 mL, respectively; the proportion of MC and DMF was 3:1; and the immobilization time was 8 h.
Optimization of the measurement conditions
The stability of MC solution is high in the pH range of 3.0 -11.0, and its viscosity is almost independent of the pH of ACh solution. Acetic acid (HAc) which is produced owing to the enzymatic reaction can be soon neutralized by OH -in alkaline solution of ACh. Theoretically, the rate of the enzymatic reaction increases with the concentration of OH -in ACh solution increasing, which is beneficial to detect OPs in alkaline solution. However, the experimental results showed that the enzymatic reaction would be inhibited when the pH of ACh solution exceeded 9. Meanwhile, the experimental results indicated that the potential response remained constant when the concentration of ACh solution was in the range of 10 -2 -10 -3 mol/L, and then decreased when the concentration of ACh solution was below 10 -3 mol/L.
Generally speaking, agitation can promote mass transfer and increase the response signal. However, the substrate solution is greatly in excess, and thus the mass transfer process of substrate from the solution body to the surface of enzymatic membrane of the biosensor can be neglected. Hydrogen ion produced by the enzymatic reaction has two different diffusion processes. One is the diffusion from the surface of the enzymatic membrane to the sensitive membrane of pH electrode, and the other is the diffusion from the surface of the enzymatic membrane to the substrate solution. Because the concentration of H + in the surface of the substrate solution is very low, the agitation operation will accelerate the diffusion process of H + to the body solution, thus causing the potential signal and the detection sensitivity of the biosensor to decrease. 21 Our experimental results also testified that the agitation operation is not beneficial to the detection.
The activity of the immobilized enzyme on the biosensor will be inhibited after use. For this reason, most enzymatic biosensors can only be used once, which leads to high preparation cost, short use span, and limits the actual application of the biosensor. To minimize the above disadvantages of enzymatic membrane biosensors, many researchers have been trying to develop regeneration methods of biosensors. 2-Pyridine aldoxime (2-PAM) is usually used to recover the activity of the inhibited AChE. 22 Our experimental results showed that enzymatic activity could be recovered continuously within 5 -20 min using 2-PAM, and had nearly recovered fully (98.9%) at 20 min.
As described above, the optimal measurement conditions of the biosensor were obtained when the concentration and the pH of ACh solution were chosen as 10 -3 mol/L and 9, respectively; 2-PAM was used to recover the activity of AChE; and no agitation operation was required.
Typical potential response curve of the enzymatic reaction
The typical potential response curve of the enzymatic reaction is shown in Fig. 1 . It can be seen that the potential response increases with the enzymatic reaction time increasing within 10 min, and then reaches a stable value (69 mV). This is because the immobilized enzyme is enough to catalyze the hydrolysis of ACh solution, and the potential response increases with the time increasing within 10 min. However, the ACh solution in the neighborhood of the biosensor is consumed almost completely after 10 min, and the potential gradually reaches a constant. The experimental phenomenon is consonant with the dynamics of the enzymatic reaction. Meanwhile, the sensing membrane containing no AChE was prepared, and the potential of the biosensor was also examined. The results showed that the potential of the biosensor basically remained a constant with the time increasing. The reason is that ACh is hardly hydrolyzed at all in the absence of AChE. In order to save detection time, the response time of the biosensor was chosen as 10 min.
Response characteristics of the biosensor Linear response range and detection limit. The enzymatic biosensor was immersed into different concentrations of the five OPs (i.e., phorate, parathion, chlorpyrifos, methamidophos, and dimethoate) for 9, 7, 7, 5 and 3 min, respectively, then immersed into ACh solution, and the potential response values were finally measured under the optimal measurement conditions. The calibration curves of the inhibition rate (k) vs. the negative logarithm of OPs concentration (-log C) were obtained, the results are shown in Fig. 2 . It can be seen that k is linearly related to -log C in the concentration range of 10 -7 -10 -5 mol/L with the lowest detection limit of 10 -7 mol/L, and the correlation coefficients are all above 0.94. If compares with the slopes of these calibration curves, the selectivity of the five OPs is in the order of phorate, parathion, methamidophos, dimethoate, and chlorpyrifos. The results demonstrate that the inhibition ability of phorate is the strongest and that of chlorpyrifos is the weakest among the five OPs. If the five OPs coexist, the competitive inhibition may happen in the enzymatic reaction, and the competitive ability is also in the same order of selectivity. Therefore, the five OPs can be analyzed quantitatively using these calibration equations. Compared with other biosensor methods, the linear ranges obtained by this study are wider than those obtained by OPH-modified amperometric biosensor method (0 -2 mmol/L for parathion) 17 and the microbial biosensor method (0.2 -50 mmol/L for parathion). 18 The detection limits obtained by this study are lower than that obtained by the microbial biosensor method (58 ppb for parathion), 18 and higher than that obtained by OPH-modified amperometric biosensor method (0.29 ppb for parathion) 17 and AChE-modified amperometric biosensor method (10 -8 -10 -9 mol/L for chlorpyrifos). 9 However, other enzyme modified biosensors need special auxiliary reagents, and the preparation processes are also complicated. Precision and accuracy. The potential response values were measured after 5 min inhibition in 10 -6 mol/L of methamidophos solution using the same biosensor at room temperature. The results showed that the potential response values (data not given) of 6 times' measurement were very close, and the relative standard deviation (RSD) was 0.65%. This indicated that the precision and accuracy of the developed biosensor were higher than that of other OPs biosensors. 7 Table 1 . It can be seen that the potential response values of all measurements are very close, and the relative standard deviations are 1.7 and 1.2%, respectively. Such results indicate that the reproducibility and stability of the developed biosensor are better than that of other OPs biosensors, 7, 14, 16, 19 and can satisfy the demand of actual detection. Antidisturbance ability. Heavy metal ions can also inhibit the activity of AChE, and disturb OPs detection using the AChEimmobilized biosensor. However, no report on the kind and concentration limit of heavy metal ions which can disturb OPs detection has been found. This study tried to obtain relative information, and mainly examined the effects of three heavy metal ions (i.e., Cu 2+ , Pb 2+ , and Cd 2+ ) on methamidophos detection using the proposed biosensor; the results are shown in Fig. 3 . Figure 3 shows that the influence rate increases with the concentration of the heavy metal ions increasing, and apparent effects can be found when the concentrations of Cu 2+ , Pb 2+ and Cd 2+ are over 10 -6
, 10 -6 and 10 -5 mol/L, respectively. The reason is that these heavy metal ions can react with the immobilized enzyme on the biosensor, and can inhibit the enzymatic activity when the concentration of the heavy metal ions is high. However, the influence degree is also dependent on the kind of heavy metal ions.
Comparison of the proposed method with GC
In this study, chlorpyrifos was also determined by the conventional analytical method (i.e., GC); the results compared with those obtained by the biosensor method are shown in Table 2 . It can be seen that the linear range obtained by the biosensor is wider than that obtained by GC, while the detection limit is higher than that obtained by GC. Moreover, the correlation coefficients of the two methods are both above 0.94. These results showed that the biosensor could be applied to detect OPs in actual samples.
When GC is used to detect the samples, many pretreatment procedures including extraction, purification, and concentration are required before analysis, and thus GC method shows some disadvantages, such as being troublesome, time-consuming, and costly. Moreover, some organic solvents may harm the operator's health during use. However, the biosensor method possesses some advantages, such as simple operation of the sample preparation (PBS is only used), low cost, and it needs only 25 min to complete the analytical process. In addition, the biosensor has high stability in dry store environment, and can be used for many times after regeneration. Therefore, the potentiometric enzymatic membrane biosensor is likely to play an important role in OPs detection for agricultural products in the future.
Detection of vegetable samples
Based on the acceptance standard using AChE inhibition method, the vegetable is safe or relatively safe if the enzymatic inhibition rate is below 16%; it shows light pollution if the enzymatic inhibition rate is in the range of 16 -25%, moderate pollution if the enzymatic inhibition rate is in the range of 26 -50%, and severe pollution if the enzymatic inhibition rate is above 50%. In this study, the two OPs (i.e., phorate and chlorpyrifos) were sprayed on the potted lettuce during the cultivation process, and the leaf samples were collected and detected using the biosensor method for four times, and the average enzymatic inhibition rate could be calculated as 95.6% and the total amount of the two OPs could be obtained. In the meantime, the amounts of phorate and chlorpyrifos in the potted lettuce were detected by the GC method to be 0.517 and 0.835 mg/kg, respectively. The results indicated that the amounts of OPs in the potted lettuce were higher than that of the national standard, 23 and showed as severe pollution. Therefore, the coincident conclusion could be obtained by the two methods. Fig. 3 Effect of the heavy metal ions on methamidophos detection: the concentration and the pH of ACh solution were 10 -3 mol/L and 9, respectively; the amount of AChE was 3.5 U per electrode; the concentration of methamidophos solution was 10 -6 mol/L; -log C was the negative logarithm of heavy metal ion concentration. 
Conclusions
In this study, a new potentiometric enzymatic membrane biosensor for OPs detection was constructed, and the measurement method was also established. Moreover, the response characteristics of the biosensor were examined and discussed in detail. In addition, the measurement results obtained by the biosensor method were in good agreement with that obtained by the GC method. This method was successfully applied to detect OPs remaining in the potted vegetables, and actual applications for agricultural products appear likely.
